The mechanism of the formation of propionate by the propionic acid bacteria has remained uncertain for many years but current evidence indicates its formation is by decarboxylation of succinate (review by van Niel, 1952) . Johns (1951a) demonstrated that Micrococcus lactilyticus decarboxylates succinate very rapidly to propionate. Delwiche (1948) and Johns (1951b) have concluded that propionate is formed by a similar reaction with organisms belonging to the genus Propionibacterium; however, in this case the decarboxylation of succinate is much slower than with M. lactilyticus. Barban and Ajl (1951) studied the conversion of C"'02 and propionate-C4 to C4 dicarboxylic acids by propionic acid bacteria and found in carrier type experiments that the succinate acquired radioactivity much more rapidly than did the fumarate or malate. They concluded that CO2 and propionate are converted reversibly to succinate without prior conversion to fumarate and malate.
Recently detailed studies of the mechanism of the decarboxylation of succinate to propionate and CO2 have been carried out by Whiteley (1953a, b, c) Delwiche et al. (1953 Delwiche et al. ( , 1954 . The mechanism shown in figure 1 illustrates some of the current views on the reaction. Delwiche et al. (1953 Delwiche et al. ( , 1954 , found with an enzyme preparation of Propionibacterium pentosaceum that propionate-2-C"4 is fixed in succinate 1 This work was supported by grants from the Atomic Energy Commission under Contract Number AT(30-1)-1050, from the Department of Health, Welfare and Education, Grant Number 3818, and by the Elizabeth Prentiss Fund, Western Reserve University. The C14 was obtained on allocation from the Atomic Energy Commission. much more rapidly than is C'402 and Phares and Carson (1955) believe that there is a separate enzyme for conversion of the CO2 to Cl. Leaver et al. (1955) observed with Clostridium propionicum that lactate-3-C14 is converted to propionate without randomization of the C14 in the propionate. Obviously with C. propionicum free succinate is not the precursor of the propionate, since a symmetrical C4 compound would lead to appearance of C14 in both the a and , positions of propionate. On the other hand with propionibacteria in similar experiments the C14 was randomized in the propionate formed from lactate-3-C 4. In spite of these differences it is possible that propionate is formed by the propionic acid bacteria in the same manner as by C. propionicum. In the case of propionic acid bacteria it is possible that the C14 is secondarily randomized by reversible conversion to succinate or by some other mechanism. We have investigated this possibility using resting cells of Propionibacterium arabinosum with propionate-3-C14 and propionate-1,3-C'4. Evidence has been obtained that suggests that propionate and succinate may be formed by more than one pathway.
METHODS
Labeled propionate was synthesized as described by Leaver et al. (1955) . The succinate-2-or 3-C14 was a gift of H. E. Swim, Western Reserve University School of Medicine.
In all the fermentations, twice-washed suspensions of P. arabinosum were incubated anaerobically at 30 C and except where noted the cells were grown in a glycerol-yeast extract medium as described by Wood et al. (1955) . The methods of separation and degradation of the acids likewise were similar to those employed formerly. In experiments in which "intracellular" and "extracellular" compounds were separated (tables 3 and 4) 100 to 150 g of cells were harvested with a Sharples centrifuge. The cells were washed After temperature equilibrium and anaerobic conditions had been established, the propionate-C'4, lactate, succinate, and L-malate were added in 100 ml of buffer consisting of 50 ml of the 0.05 M phosphate buffer and 50 ml 0.1 M NaHC03. The mixture was incubated for 5 min and then 40 ml of 1 M H3P04 was usually added to bring the pH to 3. The solution was immediately cooled to 0 C in a dry ice bath and the cell suspension was centrifuged for 20 min at 0 C. The supernatant solution was decanted and the acids were separated from it by ether extraction. These acids were designated extracellular.
The cells were washed twice with 5 volumes of distilled water at 0 C-each centrifugation being 20 min. Intracellular compounds were obtained by boiling the washed cells in an equal volume of 0.5 N H2S04 for 1 hr. In order to achieve a more complete recovery, the cell debris was centrifuged and treated twice more with 0.5 N H2SO4. The acids from the combined sulfuric acid extracts likewise were obtained by ether extraction and were designated intracellular. The individual compounds were isolated as already noted except that each acid was rechromatographed. In the case of succinate the rechromatographing followed oxidation with KMnO4 which destroys any lactic acid present.
Malic acid was degraded by oxidation to acetaldehyde and CO2. (Friedemann et al., 1927) .
The acetaldehyde was oxidized with dichromate and the resulting acetic acid was purified by chromatography on a celite column and then degraded by the method of Phares (1951) . The a-carboxyl of malate was obtained by treatment with H2S04 (Utter, 1951) .
For total oxidation, the chromic acid method of van Slyke and Folch (1940) was used. The C14 was counted as CO2 in the Ballentine-Bernstein (1950) proportional counter.
RESULTS
Metabolism of propionate-C"4 and succinate-CH in the presence of a fermentable substrate. The stability of propionate as an end product of the fermentation was investigated by adding propionate-C"4 to fermentations of lactate and glycerol under conditions similar to those employed by Leaver et al. (1955) .
The results in table 1 show that propionate is not a stable end product of the fermentation. In fermentation 1, in which glycerol was fermented in the presence of propionate-3-C , the C14 became almost completely randomized in the 2 and 3 carbons of propionate. Furthermore, the C14 was incorporated into succinate and the final succinate had a higher specific activity than did the propionate. In fermentation 4, it is seen that the succinate-2,3-C'4 did not come to isotopic equivalence with the propionate, its specific activity being more than 6 times that of the final propionate. A possible explanation for this observation is that labeled succinate does not enter the cells at a rapid rate and thus the propionate remains with relatively low activity. On the other hand, in fermentation 1 the added propionate appears to enter the cells rapidly, where it is incorporated into succinate that is being formed from glycerol. At the same time the specific activity of the propionate is reduced by unlabeled propionate being generated from unlabeled glyc-WOOD, STJERNHOLM, AND LEAVER . All fermentations were in 300-ml round-bottom flasks with ground-glass joints and contained 0.075 M potassium phosphate buffer (pH 5.9), 0.125 M NaHCOs, 5 per cent cells in addition to indicated substrates. The flasks were evacuated and then the components of the reaction mixture were added through a dropping funnel. Cells for fermentation 2 and 5 were grown on sodium lactate, 1.0 per cent; glucose, 0.1 per cent; yeast extract, 0.5 per cent; phosphate buffer, 0.01 m; for 3 days at 30 C. Leaver et al. (1955) found that lactate-3-Cl4 was converted to propionate containing more activity in the 2 position than in the 3 position and with considerable activity in the carboxyl group. They considered that such a distribution might arise if the C14 were randomized via symmetrical C4 and C, intermediates give illustrations). Using propionate containing equal activities in the 2 and 3 carbons the ratio of the activities in the two carbons would not be changed by reversible conversion to a symmetriCal C4 dicarboxylic acid but would be changed by reversible conversion to a symmetrical Cs.
In none of the experiments of table 1 was there significant conversion of the 2 and 3 positions of propionate to the carboxyl (of propionate) and in fermentation 2, the ratio of activities in the 2 and 3 carbons was not changed. Thus there was no evidence that propionate was converted to a symmetrical C3 compound. In the control fermentation (no. 5) there were indications of the occurrence of a symmetrical C0 compound from lactate-3-C"4, since some radioactivity appeared in carbon 1 and there was a higher specific activity in carbon 2 than in carbon 3. It has been our experience that large differences between the 2 and 3 carbons of propionate, such as reported in fermentation 2a (table 2) and fermentations 6 and 9 (table 3) in the paper by Leaver et al. (1955) The data of the propionate-1 ,3-C14 experiment (no. 6, table 2) are of particular interest: the randomization of the 3 position of propionate into the 2 position was complete, but there was very little loss of C14 from the carboxyl carbon (20.8 as compared to 19.6). The high radioactivity in the carboxyl carbon as compared with that in the a and # carbons is in itself not evidence against randomization via succinate. By inspection of the sc7heme in figure 1, it is evident that a small pool of C, within the cell could be in isotopic equilibrium with the carboxyls of propionate and still maintain a high activity. On the other hand, the # position would be diluted 50 per cent by randomization with the a position. If it is assumed that succinate is the only precursor of propionate, however, the ratio of the radioactivity in the carboxyl carbon to that in the a and # positions (average) should be the same in the two compounds. The ratio in propionate was 19.6/11.2 = 1.75, while in succinate it was 1.18. These data make it seem very unlikely that succinate was the sole source of the randomized propionate.
The high activity remaining in the carboxyl group of the propionate cannot be due to the fact that part of it did not react, since the randomization of isotope between the 2 and 3 carbons was complete. That the low activity in the carboxyl of succinate was not due to loss of C14 by exchange with unlabeled C02 is evident from experiment 7, in which the C"O4-NaHC"O4 of the medium was labeled. Only 0.3 per cent (0.07 x 100/26.0) of the carboxyls of the succinate originated from C02. Furthermore, if the succinate carboxyls had lost C14 by exchange, thepropionate would have reflected this loss according to the mechanism of figure 1.
In experiments 6, 7, and 8 the specific activities of the succinate were much less than those of the propionate. This could be due to a slow interconversion of propionate and succinate, or to slow transport of the succinate in and out of the cells. It should be noted that the validity of the above conclusions is not influenced by possible permeability factors, provided the C14 distribution of the succinate is not changed during transport out of the cell. Seaman and Naschke, 1956 ). If succinate were converted to acetate by this mechanism the methyl position would be labeled and the carboxyl unlabeled. In the present experiment no. 9, it was found that the methyl and carboxyl carbons had equal activity, which argues against the occurrence of a central cleavage of succinate. The acetate formed from the propionate-3-C'4 in fermentations 6 and 7 likewise was equally labeled.
Distribution of C14 in "intracellular compounds." It is probable, in the experiments of tables 1 and 2, that the compounds added to the medium do not completely equilibrate (i. e., mix uniformly) with the same compounds present intracellularly.
Although the distribution pattern of the C14 probably gives an indication of the mechanism, the isotope concentration per se is not an indication of the relative quantitative significance of the reactions occurring. Thus the fact that the propionate-3-C'4 was completely randomized in experiment 6 (table 2) and the succinate acquired only one-thirtieth the activity of the propionate, does not of itself prove that propionate is not converted to succinate rapidly. The succinate produced inside the cell may acquire C14 from propionate very rapidly, but it may equilibrate (or mix) with the extracellular succinate very slowly. This weakness of the carriertype studies has been demonstrated by Saz and Krampitz (1954) and Swim and Krampitz (1954) Of even greater interest is the relative C14 distribution within the propionate atoms. In fermentation 10, the ratio of carboxyl to carbon 2 (0.182/0.115) equals 1.58 in the internal propionate and 1.25 in the external propionate. Also the succinates differed both in total activity and 2 The expression "intracellular" is perhaps a misnomer because the "intracellular" acids may also arise from the cell surface or membranes.
in the distribution of the C14. These observations suggest that propionate and succinate probably are formed by more than one pathway, e. g., one pathway may give rise to external acids more rapidly than do the others, thus causing the external acids to differ in isotope content from the internal acids.
In arriving at these conclusions it is assumed that there is no change in C14 content or distribution in intracellular products during the time the cells are being washed at 0 C. Fermentation 11 was set up as a check on this assumption. In this case the reaction was stopped after the 5-min incubation by suddenly raising the temperature to 95 C. Only very small amounts of propionlc and succinic acids (intracellular) were obtained from the celLs after this treatment, and these had a very low radioactivity. Apparently only the low-activity pools remained in the cells following the treatment, and practically all the acids from the high-activity pools were lost. In this experiment it may be assumed that the endogenous metabolism was stopped promptly. It is thus reasonably certain that the C1' content of the intracellular acids was not reduced by reactions which occurred after the high-activity extracellular acids had been removed.
In contrast to fermentation 6 (table 2), in which the ratio of carboxyl to 2 and 3 carbon activity of the propionate was quite different from that of the succinate, the ratios in fermentation 10 were similar (intracellular 1.57 and 1.67, extracellular 1.23 and 1.28). In this particular experiment (10), the ratios considered alone are compatible with the possibility that succinate was the major source of propionate.
In the experiments of table 2 the succinate acquired activity from the propionate very slowly. On the other hand, in the experiments with a large mass of celLs the external succinate became highly labeled even though the time was only 5 min. In the experiments of table 2 the proportion of succinate to cells was 0.5 mm per g (wet weight), whereas in the experiments of table 3 the proportion was only 0.007 mm per g of cells. It thus appears that with a large amount of cells and a small amount of succinate there is better equilibration between external and internal molecular species.
In experiments 12 and 13, where the intracellular compounds were isolated, the results were quite different in the internal acids than those obtained by Barban and Ajl (1951) 
DISCUSSION
There are considerable data which might be interpreted as evidence that the decarboxylation of succinate is not the sole mechanism of propionate formation. The turnover of C02 is lower than would be expected if this were the only mechanism . On the other hand this could be accounted for if the decarboxylation to propionate involves a C, other than C02. Of greater weight is the fact -that the tracer distribution patterns in the propionate and succinate are not always alike as would be expected if one were the sole precursor of the other. For example, Leaver and Wood (1953) found that succinate has a higher activity in the a , positions than does the propionate when formaldehyde-C14 is fixed in fermentations of unlabeled glucose, glycerol, or pyruvate. Unequal distributions have also been observed in fermentations of different types of labeled glucose (Wood et al., and with lactate-3-C0 (Leaver et al., 1955 propionate. An interesting mechanism for the randomization of the 2 and 3 carbons of propionate, which would not involve losses of the carboxyl carbon or the participation of succinate or C4-dicarboxylic acids, has been proposed by Mahler and Huennekens (1953) . Their mechanism involves a symmetrical cyclopropane derivative. Recently Flavin et al. (1955) have found that pig heart extracts supplemented with propionyl coenzyme A, adenosine triphosphate, and Mg++, fix C02 to form methylmalonate and that liver preparations convert methyl malonate to succinate. It seems possible that methyl malonate may also be involved in some way in propionate metabolism by propionic acid bacteria.
Whether or not propionate can be formed by direct reduction by the propionic acid bacteria through a mechanism similar to that occurring in C. propionicum is still not known. If direct reduction did occur the observed isotope randomization in propionate would have to be ascribed to secondary reactions. Cardon and Barker (1947) have shown that C. propionicum reduces acrylate to propionate, but a similar conversion did not occur in tests with the propionic acid bacteria (Barker and Lipmann, 1944 (Johns, 1952) . With propionic acid bacteria Barker and Lipmann (1944) found that NaF prevented lactate reduction under conditions in which pyruvate was reduced to propionate. Although the above evidence points to a different mechanism in these two organisms, the difference is not necessarily great. C. propionicum may lack the ability to convert CO2 to an active form but may use the C, that is formed in decarboxylation. The exact locus of the NaF block in the conversion of lactate to propionate by propionibacteria is unknown and therefore its significance remains uncertain.
The work of Barban and Ajl (1951) Succinate-2,3-C" was not metabolized rapidly probably because of slow transport into the cells. Succinate was converted to propionate and acetate. The acetate was equally labeled in the methyl and carboxyl carbons; thus there was no evidence of central direct cleavage of the succinate to two acetate molecules.
Experiments using the isotope carrier technique indicated that propionate is converted to succinate very slowly. When intracellular acids were examined it was found that propionate is converted to succinate very rapidly.
Intracellular malate rapidly acquired radioactivity from labeled propionate and C02 whereas the extracellular malate was labeled only slowly. The incorporation of C02 was about the same in both succinate and malate in very short incubations and thus there was no indication of which, if either, of the two acids are involved in the primary fixation. Evidence is presented for the existence of more than one pool of propionate and succinate in the cell and it is concluded that succinate and propionate are probably formed by more than one pathway.
